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Preliminaries

The problem of characterizing complex measures is often dealt by transporting them to a simpler
target measure via a transport map 7. Let p : B(R?) — R* be the source measure defined on the
Borel o-algebra of R? and let v : B(RY) — R* be the target measure we wish to transport u to.
Then the transport map 7" pushes p to v if Typ = v, ie. for any A € B(R%),

Tyu(A) == p(T7(4)) = v(A). (1)

The transport map is chosen based on the cost it takes to transport u to v. It is characterized by
the cost function ¢ : R? x R4 — Rt which leads to Monge problem

inf /Rd c(x, T(x))du(z) . (2)

T Typ=v

The solution to the constrained problem in is the optimal transport from u to v.

Brenier maps. Brenier maps arise from a relaxation of called Monge-Kantorovich problem
and defined as

inf / c(z,y)dn(z,y), (3)
m€ll(p,v) JRA xR

where II(p, v) is the subspace of P(R? x R?) (the set of Borel probability measures on RY x R?) with
marginals equal to p and v, respectively. Theory regarding the solutions of exists in greater
generality than stated, but for the time being we will just state the results that we will need and
give appropriate citation.

First, if ¢ : RY x R — R U {00} is lower semicontinuous in , then there exists v* € I, 1)
such that the infimum is attained (Villani/ (2003), Theorem 1.3). In the case that c(z,y) =|z — y|°
is the quadratic cost, with some additional assumptions we get Brenier’s Theorem:

Theorem 1. Brenier’s Theorem (Villand (2003), Theorem 2.12) Let u,v be probability measures on
R? with finite second moments, and assume that p does not give mass to small sets (this is satisfied,
for example, if p << m). Then there is a unique optimal solution 7 to (@ with quadratic cost of
the form 7 = (Id xV)#u where Vi is the unique (up to p-a.e. equivalence) gradient of a convex
function that pushes forward p to v, i.e. v = Vpuu.

We call the transport map V¢ arising in Brenier’s Theorem the Brenier map. We note the
degenerate support of Brenier maps compared to more general maps in II(u,r). Additionally,



Brenier’s Theorem demonstrates that, in the case of quadratic costs, solutions to the Monge-
Kantorovich problem are solutions to the classical Monge problem.

An important consequence of Brenier’s Theorem is that it allows us to quickly uncover solutions
to the 1-dimensional optimal transport problem as by the uniqueness of Vy it suffices to find a
transport map that is the gradient of a convex function. To wit, we have

Theorem 2. Optimal Transport on R Let v and v be probability measures on R with finite second
moments and distribution functions F' and G, respectively. Additionally, assume p is absolutely
continuous. Then G~' o F is the Brenier map transporting p to v, where G~ is the generalized
inverse of G on [0,1], i.e. G™1(a) = inf{z € R : G(x) > a}.

First, it is clear that F' and G~! are increasing, so G~! o F is an increasing function. The
function H(z) = [;(G~! o F)(t)dt is then a convex function. Thus, if we can show that G~ o F
is a transport map, then by the uniqueness result in Brenier’s theorem we have that G~! o F is
indeed the Brenier map. Let X ~ pu, then it is well-known that F'(X) ~ Unif[0,1]. For all t € R
we then have

P((G" o F)(X) < t) = P(F(X) < G(t) = G(t).

Thus, since (G~!o F)(X) has the same distribution as G, we have that G~!o F is indeed a transport
map from p to v. As argued earlier, this implies that G~! o F' is the Brenier map.

Knothe-Rosenblatt maps. The quadratic cost discussed above gives a unique but dense Brenier
map. The denseness of Brenier maps makes operations like inversion computationally prohibitive,
especially in high-dimensional settings. An alternative coupling, separately proposed by [Knothe
(1957) and Rosenblatt| (1952), is the Knothe-Rosenblatt rearrangement which is defined when p
is absolutely continuous. The exact construction of KR maps is described by [Villani| (2009) and
omitted here for brevity. A key quality of KR maps is the it is triangular in that its Jacobian
is a triangular matrix. This makes KR maps amenable to various geometric applications. KR
map can be intuitively understood as one-dimensional monotonic transformation of the marginal
distribution of last coordinate, and then the sequential conditional distributions. However, such a
triangular map imposes uniqueness in terms of the coordinate reordering, in contrast to optimal
transport which is invariant to isometries on R%. In fact, if 4 and v are absolutely continuous
measures, then KR map is the unique triangular map satisfying .

Carlier et al. (2010) show that the optimal solutions to the Monge-Kantorovich problems with
weighted quadratic costs converge to Knothe-Rosenblatt maps if the weights dominate one another.

Main Result

We will assume that the Knothe-Rosenblatt map is well defined. This is true if the source measure
is absolutely continuous. The precise assumption is the following.

Assumption 1. (H-source) The marginal one-dimensional measure pu® (dth marginal measure

of 1) has no atoms. Similarly for k > 1, the one-dimensional conditional measures u’;d:kﬂ for

k+1

- Mgy, ., have no atoms.

d d—1
= a.e. Tq, Py, — a.€. Ti-1,.

As opposed to Brenier’s Theorem, we will also require more stringent assumptions on the target
measure. This is because it will allow us to assume certain maps are invertible in the main proof.



Assumption 2. (H-target) The marginal one-dimensional measure v® has no atoms. Similarly for

iy , ” k d_ d—1_ k1
k > 2, the one-dimensional conditional measures Vg Jorv®— a.e. yq,vy) a-€ Yd—1,--- Vg, .|
have no atoms.

We observe that (H-target) is a slightly less restrictive assumption than (H-source) as it does
require any conditional of the form 1/; ., b0 have no atoms.

We now state the main theorem of interest.
Theorem 3. (Carlier et al. (2010), Theorem 2.1) Let p and v be two probability measures on R?
satisfying (H-source) and (H-target), respectively, with finite second moments, and ~ye be an optimal
transport plan for the cost c.(x,y) = 2?21 Ni(€)(zi —yi)?, for some weights () > 0. Suppose that
forallke{l,...,d—1}, Ap(e)/Ak+1(€) = 0 as e = 0. Let Tk be the Knothe-Rosenblatt transport
from u to v and v € P(RY x RY) be the associated transport plan (i.e. v := (id x Tx)yp). Then
Ye — VK as € — 0.

Moreover, should the plans e be induced by transport maps T, then these maps would converge
to T in L*(u) as € — 0.

The result is significant as it suggests a limiting procedure in which solutions to converge
weakly to the KR map. It is important to note that the sense in which the 7, are optimal is different
from the sense in which the KR map is optimal, yet they are connected via this result. While ~, are
solutions to Monge-Kantorovich problem expressed through certain cost functions, KR maps are
not derived to minimize a pre-defined cost. However, this result ties KR maps to a cost function
in an asymptotic sense.

Once a weak limit to the 7, is given (denoted 7), the main strategy of the proof is to use the
optimality and uniqueness of the 1-dimensional transport maps on which the KR map (denoted g )
is built to iteratively show that 74 = ~¢, then 'y;l(_l = 91 (the marginal on (4_1,%q), (Ya—1,Ya)),
and so on until v = .

Proof of Main Result

We start with the following Lemma that will prove essential in the main argument argument,
although this result is stated in greater generality than we will need.

Lemma 1. Let p,v be Borel probability measures on Re. If [ ¢(x)du(x) = [ ¢(z)dv(x) for all
¢ € Co(R?), then = v as measures.

Proof. The Riesz Represtation Theorem gives a 1-1 correspondence between Radon measures on a
space and the dual space of C(R"™) given by p— [ fdu for f € C.(R™). Since R" is a Polish space
(separable Banach space), probability measures on R™ are Radon measures. Thus, as the actions
of p and v on C.(R™) are the same, we must have that y = v, as desired. O

Lemma 2. If two measurable functions f,g on R? are equal w-almost everywhere, then [1f(z) -
g(a))dr(z) = 0.

Proof. The two function f and g are equal almost everywhere implies that the probability of the
set on which they are unequal has a measure zero under 7. Let A € B(R?) be the set such that for
all z € A, f(x) # g(x). This implies that 7(A4) = 0 and

[ ) = glapyintz) = 0
A

= Rd(f(w) — g(x))dr(z) =0



We now begin with our proof of the main result.

Proof. We will split the proof into two separate claims that will help us construct the proof of
v = vk by equating its marginals iteratively. The first objective is to prove that the dth marginal
of v (denoted by 7%) is equal to that of yx (denoted by vjl(). Secondly we will prove that the

conditional measure of (d — 1)th coordinate conditioned on (x4, yq) is also equal for v and v, i.e.
(d-1) _ (d-1)
’y(xrhyd) - /y(xdvyd)7K‘

Claim: ¢ = ~%.

First, by dividing each ¢, by Ag(€), we can insist that A\j(¢) = 1 for all € > 0. For each ¢ > 0,
Theorem 1.3 in |Villani (2003) gives the existence of an optimal . € II(u,v) for the Monge-
Kantorovich problem with cost function c¢.. Since II(u, ) is sequentially compact in the topology
of weak convergence, up to considering a subsequence there is a v € II(u, ) such that . — 7. The
goal now is to show that v = yx.

Since i is a map that transports p to v, for all € > 0 the optimality of 4. with respect to c,

gives that
/Csdr)/e < /Csd'YK‘ (4)

As A\ip(€)/Ak+1(€) = 0 as € — 0, this implies that A\i(e) — 0 for all k € {1,...,d — 1}. Also, since
both measure p and v are assumed to have bounded second moments, all measures m € II(u,v)
have bounded second moment. Let [ |z — y|?dw(z,y) < M for a constant M. Notice that for any
ie{l,...,d—1},

A(e) / 2 — iz, 9) < Mile) / & — yPdve(z,y) < MM — 0

as € = 0. Let D (z,y) =|zq — ya|?, then it follows by the definition of weak convergence (along
with a limiting argument) that [ c@dy. — [ c@dy. This then gives

/\ll?d —yal?dy < /|90d — yal? dyxc.

Since each integral is just a function of (x4, yq), letting 74(z, y) = (24, yq) this implies that

/\xd — yal* d(ma) 4y < /|»’Ud — yal® d(mq) 4k (5)

However, since v, vk € II(u, v) we have that (mg)47v and (7g) 47Kk are both transport maps from fig
to v4. However, the construction of the KR map guarantees that (74)4vk is the optimal transport
map. By the uniqueness of Brenier maps, forces that (mq)4y = (7q)xvkx. We denote this
common measure .



(d-1) _  (d-1)

(Za:ya) ’y(wd,yd),K for ,-)/d_a.e. (l.da yd)

Claim: v

We now build off of this equality on the dth marginal to demonstrate equality of the joint distribu-
tions on the last two coordinates of v and yx. As by construction (74)47vk is the optimal transport
map of ug to vy with respect to quadratic cost, it follows for all € > 0 that

d—1

/l?ﬁd — yal® d(wa) g i (wa, ya) + Y Nile) /(l'i — yi) dne
=1
d—1

< /lﬂﬁd — yal” d(7a) e (zd, ya) + Z Ai(e) /(fﬁi — i) de

=1
:/Ced’YE
< /Ced’YK

d—1

= /\JTd — yal® d(ma) g (2, ya) + Z Ai(€) /(xz‘ —yi) dyKc.

=1

Getting rid of the [|zq — yal? d(mq) #vK (T4, yq) term from the first and last lines then gives

d—1 d—1
)\1(6) (.’L’Z — z)2d € S )\1(5) (.’Ez — l)2d .
; / yi)2dy, ; / vi) 2y

Dividing by Ag_1(€) and letting e — 0, by the same limiting argument of the previous paragraph
we get that

/|9Ed—1 —ya1|?dy < /|l‘d—1 — g1 dyk.

We define pg—1(x,y) := (xa—1,2a), (Ya—1,ya)) and let = (pd—1)#7 7}?71) = (pd—1)#7K be

the marginals on ((z4—1,24), (Yda—1,yq4)). Note that both integrals depend only on x4 and ygq—1
which allows us to write the following string of inequalities

/’xd 1= Ya—1]Pdy\ 1)</\$d 1 — Y]’ dV(d b

/(/|$d 1= Ya1l’ ’Y(wdyi)) dy* (24, yq) < /</|$d 1= Ya—1|*d ;ld;i )dﬁl((l“dayd)

Recall that (74)47 = (Ta)47x = 7%, we can rewrite the previous inequality as

(d—1)

/ </|£Bd—1 — a1 ) (@ae, yd—l)) dy* (24, ya) (6)
< [ (flea = masP s o va) ) e

(7)

The impulse here is to invoke the optimality and uniqueness of 'y(z wa) KBS in the previous para—

d—1

graph to finally claim that 'y(xd ) = Vo) K-

However, to do so we must first verify that 'y(xd va)

5



and ’y(mmy ) have the same marginals. That is, we must verify that they are couplings with the
same source and target measures. Once proved that the two conditionals have similar marginals, we
can invoke the optimality of ’y((;l;llji), K
from z4_1 to yg—1 once (z4,yq) is fixed. At this juncture inequality @ poses a contradiction as
even though sz;;?i), ;. performs better than ’y((z;;;) for almost all (x4, y4), on average it seems like

7((5;;1;21) is not worse than 7((;?;1))7 5+ Thus the two results coincide for almost all (z4,y4). In light

of Lemmal[l] for fixed (z4,yq) this means showing for all ¢ € C.(R) that

/(b Td—1 d’V(zd va) /gf)(xd_l)d’}/é_;yd)’[(

/QZ)(yd—l)d’Y(dx;yd) = /¢(yd—1)d7€w}yd),1('

For the time being, we focus on ¢ being a functions of x4_1. Similar proof for y4_1 will follow. As
it will suffice to prove the equality for y%-a.e. (z4,v4), using Lemma [2, we can settle with proving
for all ¢ € C.(R x R) that

[ wtes ([ otaavnt ), ) ot = [ van ([ ot i) o,

But this equality is equivalent to

/¢($d,yd)¢(xd1)d7d_l :/w(md,ydW(xdl)dV}i{l

as it has been constructed to provide the optimal transport

as well as

1 1 . . . .
Recall that proving that ((:cd,yzz) and 7((1,1,%)1) ;¢ have same marginals is equivalent to proving the

above expression for alll ¢ and . A priori, we are COHSlderlng an expressmn of three variables:
T4, Yd, d—1, and there may be differing correlation structure in v%~! and ’yK ! that would cause the
above equality to not hold. However, we have previously shown that the projection of v~ and
’y}l{l onto (x4, yq) is the same measure: v¢. Moreover, v¢ is given by a transport map yg = Ty(zq).
Thus, (24, yq)d(x4—1) is just a function of (z4_1,z4). We have that v~ and 7?{1 have the same
projection onto (z4_1,z4), namely the marginal of u on (zg4_1,z4). Thus, the above equality holds,
so by the Lemma we have for y%-a.e. (x4,7q) that [ P(za 1)d’y(xd yd qu(md_l)d'y(d;;yd)’K for
all € C.(R). By applying Lemmawe get that the marginals of V(xd,yd) and 'yflxd}yd% j ON Tq—1 are
equal. We conclude that the marginals of ”yg;;yd) and ’y(d;;yd)’ j On Yg—1 are equal by an analogous
argument. The main difference is that we must use the assumption (H-target) to get a Brenier map
rg =T, Y(y4), but then the argument proceeds identically.

To summarize, we have shown that véfl and 47! have the same marginals for v%-a.e.

d-Yd) (Ta:ya), I

(24,yq). By the construction of the KR map, we then have for v%-a.e. (z4,y4) that

2 _
/|$d—1 — Yd—1] d’Y(dx;yd),K(xd—layd—l) - /xd L= Ya1l d7 (za, yd)(xd—layd—l) <0.

But rearranging @ shows that integrating a nonpositive function results in a nonnegative value.
The only way this can occur is if for y%-a.e. (z4,yq) we have

/\fﬂd 1= Ya-1|? d’deyd (Td—1,Yd-1) /!wd = Ya1l’ d'}’xdyd)(wdflyydfﬁ-

By the uniqueness of 1-dimensional optimal transport with quadratic cost, we then have for v%-a.e.

(z4,yq) that 7(a:d ) K = V?xdlyd) In turn, this forces that 441 = 'y;lgl



Claim: If v" =% for 1 < h < d, then /"1 = ’y?{l

We now proceed inductively. The essence of this argument is identical to that of the previous claim,
just with some additional notational bookkeeping. Using the optimality of (7;)xvk for kK > h and
(4), we can get the following inequalities

Z/)\k Mk — yil? d(mr) wyie (@, ye) + ) Ak(e /$k_yk)2d%($kayk)

k>h k<h
< Z/Iﬂrk — ykl” d(mi) gve (o i) + > Akle / = yr) de
k>h k<h

:(/FQdVESQ/deVK

= Z/ka — yil? d(mi) g i (o yi) + ZM / ok — Yi) dk -

k>h k<h

As before, by getting rid of the common terms, dividing by A,—1(€), and passing to the limit

/C(h_l)ch < /C(h_l)d'yK.

h—1

Again, we disintegrate the marginals and fy ~1 in a sequence of conditionals until we finally

Th
Id h:yd n) K ¢

have the integral with respect to (xp_1, yn—1) through the measure 'y(xd L eh (i
1str1but10n along Th_1

task of proving that these two conditional measures have same marglnal
and yp,_1 is achieved via the test functions of the form

d}(xha < Xdys Yhy - - ayd)¢(xh—1)

and
T)Z)(IEh, o Tdys Yhy - - 7yd)¢(yh—1) .

To apply the same trick in the first case, we replace the (yp, . . ., yq) variables by (Tx (xp), ..., Tk (zq)).
In the other case, we need to invert the Knothe-Rosenblatt map which is straightforward as each

yg for k € {h,...,d}, is a 1-d monotone transformation of zj conditioned on xj;1.q which have
already been calculated. As before, in the end we obtain that v"~! = 7?( L

Using this recursive routine, we ultimately prove that v = vyx.
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